Summary Using the non-invasively ion-selective microelectrode technique, flux profiles of K + , Na + and H + in mature roots and apical regions, and the effects of Ca 2+ on ion fluxes were investigated in salt-tolerant poplar species, Populus euphratica Oliver and salt-sensitive Populus simonii · (P. pyramidalis + Salix matsudana) (Populus popularis 35-44, P. popularis). Compared to P. popularis, P. euphratica roots exhibited a greater capacity to retain K + after exposure to a salt shock (SS, 100 mM NaCl) and a long-term (LT) salinity (50 mM NaCl, 3 weeks). Salt shock-induced K + efflux in the two species was markedly restricted by K + channel blocker, tetraethylammonium chloride, but enhanced by sodium orthovanadate, the inhibitor of plasma membrane (PM) H + -ATPase, suggesting that the K + efflux is mediated by depolarization-activated (DA) channels, e.g., KORCs (outward rectifying K + channels) and NSCCs (nonselective cation channels). Populus euphratica roots were more effective to exclude Na + than P. popularis in an LT experiment, resulting from the Na + /H + antiport across the PM. Moreover, pharmacological evidence implies that the greater ability to control K + /Na + homeostasis in salinized P. euphratica roots is associated with the higher H + -pumping activity, which provides an electrochemical H + gradient for Na + /H + exchange and simultaneously decreases the NaCl-induced depolarization of PM, thus reducing Na + influx via NSCCs and K + efflux through DA-KORCs and DA-NSCCs. Ca 2+ application markedly limited salt-induced K + efflux but enhanced the apparent Na + efflux, thus enabling the two species, especially the salt-sensitive poplar, to retain K Introduction Physiological mechanisms underlying the salt tolerance of Populus euphratica Oliver, a valuable tree species used for afforestation on saline and alkaline desert sites, have received much attention in recent years. Populus euphratica plants are able to maintain ionic homeostasis after a prolonged salt exposure (Chen et al. 2001 , 2002a , 2003 , Ottow et al. 2005a , Sun et al. 2009 ). However, NaCl stress usually perturbs ion homeostasis in salt-sensitive poplar species, leading to oxidative bursts and salt damage (Wang et al. 2006 (Wang et al. , 2008 . It is suggested that the capacity to retain lower cytosol Na + is critical for plant salt adaptation (Maathuis and Amtmann 1999 , Blumwald et al. 2000 , Hasegawa et al. 2000 , Zhu 2001 , 2003 , Apse and Blumwald 2007 , Munns and Tester 2008 . In addition to reducing Na + influx, compartmentalizing Na + into the vacuole and extruding Na + to the apoplast are the two important strategies of plant cells to avoid excessive accumulation of Na + in the cytosol. The significance of vacuolar sequestration by tonoplast Na + /H + antiporters has been confirmed by transgenic plants (Apse et al. 1999 , Ohta et al. 2002 , Parks et al. 2002 , Fukuda et al. 2004 ). An evident vacuolar Na + compartmentation was shown in salinized P. euphratica cells in our previous reports (Chen et al. 2000 (Chen et al. , 2002a (Chen et al. , 2003 . At the plasma membrane (PM), SOS1 functions as a Na + /H + antiporter in Arabidopsis to extrude excess Na + from the cytosol (Shi et al. 2000 (Shi et al. , 2003 . The gene encoding PeSOS1, a putative PM Na + /H + antiporter in P. euphratica, has been recently characterized by Wu et al. (2007) . They found that the level of expressed PeSOS1 protein in P. euphratica leaves was significantly upregulated in the presence of 200 mM NaCl ). Our results suggest that the Na + extrusion in P. euphratica likely results from another type of Na + /H + antiporter, PeNhaD1. Yeast complementary experiments showed that the introduction of PeNhaD1 rescued the normal growth of ANT3 (Saccharomyces cerevisiae mutant strain ANT3, Dena1-4::HIS3 Dnha1::LEU2), which lacks the PM Na + /H + antiporter gene ScNHA1, in the presence of 80 mM NaCl on a solid medium or in a liquid medium of 400 mM NaCl (Lu¨et al. 2007 ). Transcript level of PeNhaD1 remained constant in P. euphratica under salt stress but declined in the salt-sensitive poplar (Ottow et al. 2005b) . Moreover, overexpression of PeNhaD1 in a salt-sensitive poplar species was found to increase the Na + exclusion in transgenic plants (Chen 2007) . H + -ATPase provides a driving force for Na + /H + exchange and its activity in the vesicles of tonoplast and PM was up-regulated when P. euphratica calluses were exposed to NaCl stress , Yang et al. 2007a ). Yang et al. (2007b) suggest that Na + movement across vesicle membranes is highly dependent on H + -ATPase. In addition to providing a driving force for Na + extrusion, H + -ATPase may inhibit the entry of Na + by repolarizing the PM, as external NaCl usually depolarizes the PM and causes a massive Na + influx via VI-NSCCs (voltage-independent non-selective cation channels) (Maathuis and Sanders 2001 , Tester and Davenport 2003 , Maathuis 2006 . Little is known about the correlation between H + pumping and Na + extrusion in long-term (LT)-stressed woody plants.
NaCl-induced K + deficiency in plants is suggested to result from (1) uptake reduction -Na + competes with K + for uptake sites at the PM, including both low-affinity (e.g., NSCCs) and high-affinity transporters (e.g., HKTs) and (2) K + leakage through depolarization-activated outward rectifying K + channels (DA-KORCs), or both (1) and (2) Maathuis 2007, Shabala and . The correlation between K + efflux and the capacity for salinity resistance has been established in crop species. Electrophysiological evidence indicates that NaCl-induced K + loss in the roots of barley and wheat is significantly larger in salt-sensitive cultivars than in salt-tolerant cultivars (Chen et al. 2005 , 2007 . Comparative studies have shown that salinized P. euphratica exhibits a higher capacity in nutrient uptake and transport at both the tissue and cellular levels (Chen et al. 2000 (Chen et al. , 2001 (Chen et al. , 2002b (Chen et al. , 2003 . Expression analyses of a salt-sensitive poplar, Populus · canescens, revealed that ion channels able to release K + , PTORK (KORC), PTORK2 (KORC 2) and PTK2 (K + channel 2), showed remarkable up-regulation during salt stress in roots (Escalante-Pe´rez et al. 2009 ). The immediate response of K + to NaCl addition was repeatedly reported; however, salt-induced alternations of root K + flux have not been investigated after exposure to a prolonged salinity.
It is widely established that Ca 2+ ameliorates Na + toxicity in a variety of plant species (Caines and Shennan 1999 , Hasegawa et al. 2000 , Shabala et al. 2003 , Arshi et al. 2005 , Renault 2005 ). Ca 2+ is essential for ionic homeostasis and K + /Na + ratio was increased by Ca 2+ supplement in sos3 mutant and wild-type Arabidopsis (Liu and Zhu 1997) . It is suggested that Ca 2+ restricts the entry of Na + through permeable NSCCs , Tester and Davenport 2003 , Demidchik and Maathuis 2007 and inhibits K + loss via both the DA-KORCs and NSCCs (Shabala et al. 2006) . However, how Ca 2+ affects flux profiles of K + and Na + in LT-stressed poplars needs to be elucidated.
In this study, we applied the scanning ion-elective electrode technique (SIET) to clarify species-specific differences in ionic homeostasis control by mapping K + , Na + and H + flux profiles from roots of two contrasting poplar species, the salt-tolerant P. euphratica and salt-sensitive Populus popularis 35-44. Moreover, the contribution of Ca 2+ to K + /Na + homeostasis was examined in the two tested poplars. We compared the ion flux profiles from poplar roots after a prolonged exposure to salinity. This is necessary to clarify plant adaptations to long durations of salinity; so far, most of the reports on salinity effects on root ion fluxes were obtained for acute stress conditions.
Materials and methods

Plant materials
Plants of the two poplar species were prepared as described previously (Sun et al. 2009 ). Briefly, in April 2008, seedlings of P. euphratica, obtained from the XinJiang Uygur Autonomous Region of China and hardwood cuttings of P. popularis 35-44 (P. popularis), from the nursery of Beijing Forestry University (BFU), were planted in individual pots (10 l) containing loamy soil and placed in a greenhouse at BFU. Plants were well irrigated and fertilized with 1000 ml full-strength Hoagland's nutrient solution every 2 weeks. Potted plants were raised for 1 month before the beginning of hydroponic culture. In mid-May, uniform plants were washed free of soil and transferred to individual porcelain pots containing 2000 ml quarter strength Hoagland's nutrient solution. Hydroponic cultures, aerated by air pumps, were renewed every 2 days. The temperature in the greenhouse was 20-25°C with a 16-h photoperiod (7:00-23:00), 150 lmol m À2 s
À1
of photosynthetically active radiation. Plants were cultured for 20 days in hydroponics before experiments.
A LT NaCl treatment
The same three treatments were applied to the two species: control, NaCl (50 mM) and NaCl (50 mM) plus Ca 2+ (10 mM). The required amount of NaCl and CaCl 2 was added to the nutrient solution. Control plants were well fertilized but treated without the addition of NaCl or CaCl 2 . Plants were continuously aerated by passing air to hydroponics, which was regularly renewed. Steady fluxes of K + , H + and Na + in apical and mature roots were measured after 7, 14 and 21 days of treatment, respectively. At the final harvest, root segments with 1.0 cm apices were sampled, freeze-dried and used for X-ray microanalysis by means of scanning electron microscope equipped with an energy dispersive X-ray spectrometer (SEM-EDAX).
X-ray microanalysis
Roots, sampled from control and stressed plants, were immediately cut with a razor blade, rapidly frozen in liquid nitrogen, vacuum freeze-dried at À100°C for 100 h and then slowly allowed to equilibrate to room temperature (ca. 22°C) over a period of 24 h. Freeze-dried samples were gold-coated in a high vacuum sputter coater and analysed with a Hitachi S-3400N SEM-EDAX (EX-250; Horiba Ltd., Kyoto, Japan). Probe measurements of roots were taken with a broad electron beam covering the whole cross section. Relative amount of K + or Na + was expressed as a percentage of the total atomic number for all the major elements (K + , Na + , Ca
2+
, Mg 2+ and Cl À ) that were detected from the root sections.
Flux measurements with SIET
Net K + , H + and Na + fluxes were measured non-invasively using the SIET (the SIET System, BIO-001A, Younger USA Sci. & Tech. Corp., Amherst, MA) (Kü htreiber and Jaffe 1990, Kochian et al. 1992 , Zonia et al. 2002 , Vincent et al. 2005 , Xu et al. 2006 , Sun et al. 2009 ). The concentration of target ions and concentration gradients were measured by moving the electrode repeatedly between two positions adjacent to plant materials in a pre-established excursion (30 lm) at a programmable frequency in the range of 0.3-0.5 Hz. The SIET can measure ion concentrations down to picomolar levels but must be measured slowly at about 1-2 s per point. This is mainly due to the mechanical disturbance of the gradient by the electrode movement (it usually takes a fraction of a second to reestablish the gradient) (Kunkel et al. 2006) .
Preparations of ion-selective electrodes were performed as follows: glass micropipettes (2-4 lm aperture) were pulled from 1.5 mm diameter glass capillaries (TW150-4; World Precision Instruments, Inc., Sarasota, FL) with an electrode puller (P-97; Sutter Instrument Co., Novato, CA) using a four-step pulling. Pulled micropipettes were silanized with dimethyldichlorosilane (D3879; Sigma, St. Louis, MO) at 250°C for 50 min and back-filled with backfilling solution (H + : 40 mM KH 2 PO 4 and 15 mM NaCl, pH 7.0; K + : 100 mM KCl; Na + : 100 mM NaCl) to a length of 10 lm from the tip. Then, the electrodes were front-filled with a 15-lm column of selective liquid ion-exchange (LIX) cocktail (H: Fluka 95293; K: Fluka 60398; and Na: Fluka 71178). An Ag/AgCl wire electrode holder (EHB-1; World Precision Instruments, Inc., Sarasota, FL) was inserted in the back of the electrode to make an electrical contact with the electrolyte solution. The reference electrode was an Ag/AgCl half-cell (DRIREF-2; World Precision Instruments, Inc., Sarasota, FL) connected to the experimental solution by a 0.5% agarose bridge containing 3 M KCl. Ion-selective electrodes were calibrated before and after flux measurements in the following solutions:
(1) Na + : 0.1, 0.5 and 1.0 mM (Na + concentration was 0.1 mM in the measuring solution because the fluxes of Na + were only recorded at lower Na + concentrations using the Na LIX, Fluka 71178) (Sun et al. 2009 Only electrodes with Nernstian slopes > 50 mV/decade were used in our experiments. Flux rate was calculated from Fick's law of diffusion:
where J represents the ion flux in the x direction, dc/dx is the ion concentration gradient and D is the ion diffusion constant in a particular medium. Data and image acquisition, preliminary processing, control of the three-dimensional electrode positioner and stepper-motor-controlled fine focus of the microscope stage were performed with ASET software [Science Wares (East Falmouth, MA) and Applicable Electronics].
Experimental protocols for SIET measurements
Steady-state SIET measurements Root segments with ca. 30 mm apices were sampled from control and LTstressed plants at day 7, 14 and 21, respectively. To decrease the influence of Na + release (especially from the surface of LT-stressed roots) on flux recording, roots were rinsed with re-distilled water and immediately incubated in the following solutions to equilibrate for 30 min (Sun et al. 2009 ):
(1) K + and H + measuring solutions: basic solution (0.1 mM NaCl, 0.1 mM MgCl 2 , 0.1 mM CaCl 2 and 0.5 mM KCl) supplemented with 50 mM NaCl, or 50 mM NaCl plus 10 mM CaCl 2 , according to corresponding treatments, pH 6.0 was adjusted with After equilibration, roots were transferred to the measuring chamber containing 10 ml fresh measuring solution and the roots were immobilized on the bottom. Ion fluxes were measured along the root axis at two regions: apex (200-2000 lm from the tip with a 300-lm measuring interval) and mature zone (10-12 mm from the tip with a 500-lm measuring interval). A 2-min continuous recording was performed at each measuring point in both mature and apical regions.
Transient flux kinetics Control roots of the two species were sampled, rinsed with re-distilled water and immediately equilibrated in basic solution for 30 min. Thereafter, steady fluxes of K + and H + were recorded for 5-6 min before the salt addition. Then, a salt shock (SS, 100 mM NaCl) was given by adding an acquired amount of NaCl stock (0.2 M, pH 6.0 adjusted with NaOH and HCl) and transient ion fluxes were monitored for a further 35-40 min in the apical region (ca. 500 lm from the root tip) and mature zone (ca. 12 mm from the root tip), respectively. The data measured during the first 2-3 min were discarded due to the diffusion effects of stock addition (Shabala 2000) .
Effects of Ca
2+ and PM transport inhibitors on transient flux kinetics Pharmacological experiments were conducted at the apex that had vigorous flux rates upon NaCl stress. Before the NaCl shock, roots of two species were subjected to one of the three treatments for 40 min:
(1) 20 mM tetraethylammonium chloride (TEA, K + channel blocker).
(2) 500 lM sodium orthovanadate (the specific inhibitor of PM H + -ATPase). (3) 10 mM CaCl 2 .
Transient K + kinetics upon SS (100 mM NaCl) were recorded in these roots pretreated with Ca 2+ or PM transport inhibitors. The measuring solution containing sodium orthovanadate was replaced with a fresh solution before the NaCl shock. Measuring solutions with TEA or Ca 2+ were not renewed because they had no obvious influence on the Nernstian slopes of K + electrodes. Na + flux response to NaCl shock was not attempted due to the lower signal/ noise (S/N) ratio of Na + LIX (Fluka 71178) at higher external Na + solution (Sun et al. 2009 
Results
Variations of K
+ and Na + in poplar roots under LT NaCl stress
In this study, X-ray microanalysis (SEM-EDAX) was used to detect Na + and K + levels in root cross sections. Control P. euphratica plants have typically higher Na + but lower K + than P. popularis ( Figure 1A and B). The LT salinity (50 mM NaCl, 3 weeks) caused a significant rise of Na + , which paralleled a marked K + reduction in the two species; however, a more pronounced effect was found in P. popularis ( Figure 1A and B) . As a result, salt-induced reduction of K + /Na + was greater in P. popularis (93%) than in P. euphratica (69%) ( Figure 1C) . Ca 2+ supplement (10 mM) significantly reduced the elevation of Na + but simultaneously decreased K + loss in NaCl-stressed P. popularis ( Figure 1A and B) , resulting in a less declined K + /Na + as compared to stressed plants without Ca 2+ application ( Figure 1C ). However, Ca
2+
did not significantly change the levels of K + and Na + ( Figure 1A and B) or K + /Na + ratios in salinized P. euphratica roots ( Figure 1C ).
Steady ion fluxes under LT salinity
By means of the SIET, steady flux profiles of K + , Na + and H + were measured along the root axes at the apex (200-2000 lm from the root tip at an interval of 300 lm) and mature regions (10-12 mm from the root tip at an interval of 500 lm), respectively. K + fluxes Salinity caused a significant net K + efflux in the root apex of P. popularis, although the flux rate declined with increased duration of salinity exposure (Figure 2 ). , Na + and H + fluxes at apical regions and mature roots of P. euphratica and P. popularis. Steady fluxes at the apex were measured along the root axes (200-2000 lm from the root tip) at an interval of 300 lm; steady fluxes at mature regions were measured along the root axes (10-12 mm from the root tip) at an interval of 500 lm. Plants were subjected to 3 weeks of NaCl stress (50 mM) supplemented with or without 10 mM Ca 2+ . Control plants were well fertilized but treated without additional NaCl or CaCl 2 . Each column is the mean of four individual plants and bars represent the standard error of the mean (for each plant, the average flux values at the apical and mature zones were calibrated from the measuring points at the apex and mature roots, respectively). Columns labelled with different letters, a-d, indicate significant difference at P < 0.05. N.S., no significant difference. This figure appears in color in the online version of Tree Physiology. It is noteworthy that Ca 2+ introduction markedly reduced the salt-induced K + efflux on day 7 and 14, respectively (Figure 2 ). In contrast to P. popularis, P. euphratica maintained a stable K + flux in apical regions and was not altered by salt stress (Figure 2 ). In the 3-week salinity, K + fluxes remained at lower levels in mature roots of the two species, irrespective of treatments (Figure 2 ).
Na
+ fluxes Net Na + efflux in P. euphratica was significantly increased by salinity in both mature and apical regions, with the effect more pronounced in the apex (Figure 2 ). Ca 2+ application enhanced the salt-induced Na + efflux in P. euphratica roots, but only after 21 days of stress (Figure 2) . Similarly, Na + efflux in stressed P. popularis was enhanced by Ca 2+ treatment, although non-Ca 2+ -treated roots (both apical and mature regions) did not show an evident Na + efflux over 3 weeks of salinity (Figure 2 ). H + fluxes NaCl significantly increased H + influx in P. euphratica roots, although mature roots typically had a lower flux rate than the apex during the period of salt exposure (Figure 2 ). Ca 2+ treatment increased H + influx in both the apical and mature regions of P. euphratica roots, only at day 21 (Figure 2 ). This was also observed in P. popularis roots, despite a lower flux exhibited by stressed plants of this species (Figure 2) .
Effects of Ca
2+ on Na + /H + exchange After being subjected to a prolonged salt exposure, a significantly positive correlation between Na + efflux and H + influx was shown in P. euphratica roots (both the apical and mature roots) ( Figure 3A ), but was absent in P. popularis roots ( Figure 3C ). Ca 2+ application markedly enhanced the Na + /H + exchange in the two species, with a more pronounced effect in P. popularis roots (Figure 3B and D) .
Transient kinetics upon NaCl shock
Transient K + and H + kinetics response to SS was examined in both apical and mature regions, which were about 0.5 and 12 mm from the root tip, respectively. Effects of NaCl on Na + kinetics were not examined due to the declined S/N of Na + LIX in a measuring bath containing higher Na + (Sun et al. 2009 ). K + kinetics When exposed to a SS, root K + efflux in apical regions and mature roots showed a biphasic pattern, with a rapid increase to peaking levels after the onset of salt exposure, then followed by a gradual decrease and finally reaching a stable level (Figure 4) . In comparison, saltshocked P. popularis showed a greater K + efflux than P. euphratica in both mature and apical zones over the recording period (ca. 40 min) (Figure 4) .
Pharmacological experiments upon SS were conducted at the root apex. As shown in Figure 5, Figure 5A , B, E and F); in contrast, sodium vanadate accelerated K + efflux in both species, as compared to non-vanadate-pretreated roots ( Figure 5C and D Figure 6 ). In contrast, mature roots exhibited a steady H + efflux, but it was significantly reduced by the NaCl shock ( Figure 6 ). Unlike P. euphratica, NaCl shock did not significantly change the H + flux in P. popularis roots, although mature zones had a larger H + influx than apical regions (Figure 6 ).
Effect of sodium vanadate on NaCl-induced H + kinetics was examined at the root apex of P. euphratica. As shown in Figure 7 , the enhanced H + efflux that was caused by SS and the corresponding acidification were both significantly inhibited by the pretreatment of sodium vanadate.
Discussion
Species-specific difference in controlling K + /Na + homeostasis under NaCl
Results from X-ray microanalysis show that LT-stressed P. euphratica roots have a greater capacity to retain K + / Na + homeostasis than the salt-sensitive species, P. popularis (Figure 1 ). This is consistent with our previous studies at whole-plant and tissue levels that were measured with atomic absorption flame photometry (Chen et al. 2001 (Chen et al. , 2002a (Chen et al. , 2002b (Chen et al. , 2003 . In this study, SIET data indicate that the maintenance of K + /Na + homeostasis in P. euphratica roots accounted for (1) the lower K + efflux and (2) the greater Na + extrusion under NaCl stress. LT-stressed P. euphratica roots (apical regions) showed a lower K + efflux as compared to P. popularis (Figure 2 ). The same trend was found at both mature and apical regions of salt-shocked P. euphratica roots (Figure 4) . Similarly, salttolerant cultivars of barley and wheat exhibit a smaller K + efflux than salt-sensitive ones under saline conditions (Chen et al. 2005 , 2007 . However, higher flux rates were detected at mature roots of these crop species, which is different from poplar species in which a larger flux was usually found at the root apex (Figures 2 and 4) . The transient K + efflux caused by the SS was significantly reduced by the K + channel blocker (TEA) but enhanced by the inhibitor of PM H + -ATPase (sodium orthovanadate) in apical regions of the two tested species (Figure 5A-D) . This suggests that NaCl-induced K + efflux is mediated by the depolarization-activated channels, e.g., KORCs and NSCCs , 2006 . The marked differences in K + efflux upon NaCl shock between the two poplar species likely result from the magnitude of membrane depolarization, which is largely dependent on the activity of PM H + -ATPase ). The apex of salt-shocked P. euphratica displayed a pronounced H + efflux (Figure 6 ). Mature roots of P. euphratica had a steady H + efflux, although it was significantly reduced by the NaCl shock ( Figure 6 ). Collectively, the larger H + efflux at both mature and apical regions indicates a highly activated Figure 4 . Effects of SS on transient K + kinetics at apical regions and mature roots of P. euphratica and P. popularis. K + kinetics were recorded at the apex (measuring site was ca. 500 lm from the root tip) and at the mature region (measuring site was ca. 12 mm from the root tip) after the required amount of 200 mM NaCl stock was introduced into the measuring chamber. Before the SS, steady K + fluxes were monitored for ca. 5 min. Each point is the mean of four individual plants and bars represent the standard error.
TREE PHYSIOLOGY ONLINE at http://www.treephys.oxfordjournals.org PM H + -ATPase in salt-shocked P. euphratica roots (Figure 7) . Therefore, salinized P. euphratica roots retained a higher H + -pumping activity, which leads to repolarization or hyperpolarization of the PM and decreases the K + loss through DA-KORCs and DA-NSCCs. The inhibition of H + pumping on K + loss could also be applied to LT-stressed P. euphratica roots. By means of the cytochemical technique, we found the up-regulated PM H + -ATPase activity in P. euphratica roots after a prolonged exposure to NaCl stress (our unpublished data), which presumably contributes to hyperpolarizing the PM and restricting the depolarization-dependent K + efflux. LT-stressed P. euphratica roots (apex and mature zones) retained a greater capacity for Na + exclusion than P. popularis (Figure 2) , which is consistent with our previous report (Sun et al. 2009 ). The evident correlation between Na + (net efflux) and H + (net influx) suggests that the Na + extrusion in P. euphratica roots is mainly the result of Na + /H + exchange (Figure 3) . Na + /H + antiporters of P. euphratica, e.g., PeNhaD1 and PeSOS1, may play an important role to exclude Na + under NaCl stress (Ottow et al. 2005b , Chen 2007 . By means of Affymetrix poplar gene chips, microarray analyses show that P. euphratica retains a typically higher transcript abundance of the genes encoding Na + /H + antiporters, e.g., PeSOS1, as compared to P. popularis (our unpublished data). Our previous report has shown that the Na + /H + exchange in root cells of P. euphratica is correlated to the activity of PM H + -ATPase (Sun et al. 2009 ). In this study, NaCl shock markedly increased the H + efflux in the apex Figure 5 . Effects of TEA, sodium orthovanadate and Ca 2+ on transient K + kinetics that were induced by NaCl shock at the root apex of P. euphratica and P. popularis (A and B) TEA (20 mM); (C and D) sodium orthovanadate (500 lM); and (E and F) CaCl 2 (10 mM). Before the NaCl shock, roots were subjected to one of the three chemicals for 40 min. Thereafter, steady K + fluxes were monitored for ca. 5 min (the measuring solution containing sodium orthovanadate was replaced with a fresh solution before the recording). K + kinetics were recorded after the required amount of 200 mM NaCl stock was introduced into the measuring chamber. Control roots were pretreated without Ca 2+ or any inhibitor before the NaCl addition. Each point is the mean of four individual plants and bars represent the standard error.
and caused a corresponding acidification, but all of them were inhibited by the inhibitor of PM H + -ATPase, sodium orthovanadate ( Figure 7) . Given these results, we conclude that SS rapidly activates PM H + -ATPase, thus creating an acidic environment, which is favourable for the Na + /H + exchange across the PM. Ottow et al. (2005b) have confirmed that PeNhaD1 is strictly pH dependent and functions in acidic conditions, e.g., pH 5.5. Similar results were obtained in our studies with root-derived protoplasts isolated from LT-stressed P. euphratica plants (Sun et al. 2009 ). Accordingly, in the LT experiment, the increased activity of Na + /H + antiport (extruding Na + from the cell in exchange for H + influx) in NaCl-treated P. euphratica roots indicates that the PM H + -ATPase is able to pump protons and maintain electrochemical H + gradients, thus promoting the secondary Na + /H + antiport (Blumwald et al. 2000 , Zhu 2003 ).
Compared to P. euphratica, P. popularis roots were unable to restrict the buildup of Na + but displayed a greater K + reduction, leading to perturbations of K + /Na + homeostasis after long periods of salinity (Figure 1) . The inability to retain K + /Na + homeostasis in salinized P. popularis is likely due to (1) the lower H + -pumping activity (Figure 6 ), which was unable to hyperpolarize or to repolarize the PM, thus not able to limit the K + efflux through DA-KORC and DA-NSCCs and (2) the weak Na + /H + antiport system in the PM (Figures 2 and 3C) , which is insufficient to exclude the entry of Na + , likely through VI-NSCCs (Maathuis and Sanders 2001 , White and Davenport 2002 , Tester and Davenport 2003 , Maathuis 2006 , Shabala et al. 2006 ).
The correlation between Ca
2+ and K + /Na + homeostasis Ca 2+ application to P. popularis roots was found to be favourable for maintaining K + /Na + homeostasis over 3 weeks of salinity ( Figure 1) . As evident by steady SIET recording, K + efflux in the root apex of LT-stressed P. popularis was markedly reduced by Ca 2+ supplement (Figure 2) . Similarly, transient kinetics measurements showed that Ca 2+ effectively restricted the NaCl-induced K + efflux in the two tested species ( Figure 5E and F). The reduction of K + efflux likely results from the inhibitory effect of Ca 2+ on DA-KORC and NSCCs that mediate K + efflux under saline conditions (Shabala et al. 2006 ). Figure 6 . Effects of SS on transient H + kinetics at apical regions and mature roots of P. euphratica and P. popularis. H + kinetics response to NaCl addition was recorded at the apex (measuring site was ca. 500 lm from the root tip) and at the mature region (measuring site was ca. 12 mm from the root tip). Before the SS, steady H + fluxes were monitored for ca. 5 min. Then, H + kinetics were recorded after the required amount of 200 mM NaCl stock was introduced into the measuring chamber. Each point is the mean of four individual plants and bars represent the standard error. It is noteworthy that the net Na + efflux was significantly enhanced by Ca 2+ in LT-stressed roots (both mature and apical zones) (Figure 2 ). This is mainly due to the inhibition of Na + entry as it has been shown repeatedly that Ca 2+ treatment inhibits Na + influx via NSCCs Davenport 2003; Demidchik and Maathuis 2007) . At present, we cannot conclude that Ca 2+ promotes Na + /H + exchange even when the apparent increase in Na + efflux with Ca 2+ treatment was found in poplar roots (Figures 2 and 3) , because our SIET data only show a net flux of the target element across the PM, instead of the unidirectional flux.
Conclusion
In conclusion, P. euphratica roots display a higher capacity to retain K + /Na + homeostasis over a long period of salinity, resulting from the lower K + efflux and a higher Na + efflux in LT-stressed roots, which is likely the result of Na + influx inhibition. Therefore, we conclude that the exogenous Ca 2+ enables the two poplar species, especially the salt-sensitive P. popularis, to retain K + / Na + homeostasis in roots after a prolonged exposure to salinity.
